Abstract. In this study, behaviour of bi-adhesive used in the repair of damaged parts was analyzed, using the finite element method. In a double-strap joint with an embedded patch, patch is embedded into the adherents for structural requirements. In addition, to increase the strength of the joint, two adhesives are used to bond the adherents. This approach reduces stress concentration at the overlap ends, increases the load capacity and delays the failure. These effects give rise to higher joint strength. For this purpose, a stiff adhesive, FM73 produced by Cytec Fiberite, was applied in the middle portion of the overlap, while a softer adhesive, SBT9244 from 3M, was applied towards the edges, prone to stress concentrations. Non-linear finite element analyses were carried out to predict the failure loads, to assist with the geometric design and to identify effective ratios of sizes to maximize joint strength.
Introduction
The classical double-strap adhesive joint is preferred in both bonding and repair of damaged parts, particularly in the aircraft and automotive industries [1] [2] [3] [4] [5] . In the classical double-strap joint, patches form protrusions at the outer surface, which limits backward, forward and circular mobility of the parts only in narrow areas. Double-strap joint with embedded patch eliminates these protrusions, therefore, the movement restrictions are removed and smoother surfaces are obtained. In addition, coating and painting operations are easier over the obtained smoother surfaces, and a better view is obtained in terms of construction and aesthetic [6] .
The reduction of transverse shear and normal stress concentrations along the edges of adhesive bondlines is important, in order to prevent premature failure of the bonded joint. Due to differential straining in the substrates, adhesively-bonded joints inevitably experience stress concentrations, especially in the adhesive layer near the ends of overlap, where the load transfer takes place. Among the many factors affecting the strength of a bonded joint, the stresses in both the adhesive layer and the substrates are probably most crucial to the design of bonded joints [7] [8] [9] [10] .
Geometric modifications, such as adhesive spew fillet, adherent and adhesive rounding, adherent shaping, e.g., chamfering, adhesive gaps and adhesive grading have significant influence on the reduction of peak stresses, occurring at the ends of the overlap in adhesively bonded joints [6] . Therefore, many approaches have been proposed to reduce the peak stresses [11] [12] [13] . Applications of spew fillet and bi-adhesives are examples of these approaches. Performance of bi-adhesives has been studied in single-lap and double-strap joints and measurable increase in the strength of the bi-adhesively-bonded joints is found, when compared with those in which single adhesives were used over the full length of the bondline [14] [15] [16] [17] [18] [19] . Despite the material properties, the adhesive joint geometry also led to stress concentration areas in the adhesive/adherent interface, revealed at the edges of the overlap. However, for a given adherent, the lower the stiffness of the adhesive used in the overlap, the lower the stress concentration, leading to potentially higher joint strength. The use of relatively low stiffness adhesives at the ends of the overlap in a bi-adhesive can decrease the stress concentration and, therefore, potentially lead to higher joint strength.
In this study, the application of two adhesives with different stiffness in double-strap joints with embedded patch, subjected to bending moment, was investigated via non-linear Finite Element Analysis (FEA), and the stress distributions in the joints were analyzed. This study is part of an Msc Thesis project. The next step of this study is to perform an experimental work and validate the results with the experimental testing. The same geometry, material, and loading were used in this study, as stated in the Msc Thesis project. In the finite element studies, the double-strap (DS) adhesively bonded joint, subjected to bending, using two different single adhesives and a biadhesive was simulated. In this DS joint, patches were embedded into the adherent. Spring steel was used as the patch and Aluminium(AA2024-T3) was used as the adherent bonded with stiff adhesive (FM73 produced by Cytec Fiberite) and softer adhesive (SBT9244 produced by 3M), in this study. The In the analysis, the material non-linearity based on the uniaxial stressstrain behaviours of adhesives (FM73 and SBT9244) and adherent (AA2024-T3) was considered (Fig. 3) . The stresses in the patch were below the yield stress of the patch and, therefore, the patch was modelled as a linear-elastic isotropic material. More information on the stress-strain of adhesive and adherent can be found in [6, 14, 20] . The effects of different parameters on bonding failure load and joint strength were investigated in this study. These parameters are patch thickness (h 1 ), total overlap length (L), the length of the embedding part, which is embedded in the main adherent (h) and the depth of the embedding part (t).
The material properties used in the FEM analysis are given in Table Table 1 1. In order to determine the mechanical properties of materials used in this study were prepared as described in Ref. [6] . The geometrical parameters of the joints are shown in Table 2 . The thicknesses of adhesive were chosen as 0.25 mm. In addition, the width of adherent was chosen as 25 mm. The other dimensions of the DLJs are shown in Fig. 2 . Since effects of thickness and overlap length were examined, the same element dimension was used in all models as often as practicable (see in Table 1 and Fig. 3a) . The upper and the lower patch plates have the same dimensions and materials. Three different adherent thickness, patch thickness and overlap length were used. Also, the stress analysis of double-strap joints with embedded patch (DSJEP) under a bending moment was carried out, based on plane strain assumption. The von Mises yield criterion was used to calculate the equivalent stress (σ eqv ) and strain (ε eqv ) distributions in the adhesive layers and adherents. 2D nonlinear FEM was carried out in the analysis of double-strap adhesively-bonded joints with embedded patch. The ANSYS [21] code version 12.0 and the 8-node isoparametric quadrilateral plane element, Plane 82, were employed for the DSJ. The 8-node element is defined with eight nodes having two degrees of freedom at each node, i.e. translation in the nodal x and y directions. Mesh distribution area is shown in detail in Fig. 2 . Critical regions of stress distributions at the bonding area were divided into smaller elements. The adherent and the adhesive were modelled as different areas and joined with each other using merged nodes. The meshing in adhesive region was performed in a more sensitive manner by dividing it into small pieces [6, 14, 22, 23] . In order to perform the stress analysis of the adhesive, elements at adhesive region and at the overlapping planes have been prepared with high density; and elements of outside parts of adhesive regions have been prepared with low density. A refined mesh was used in the contacting surfaces in order to achieve 88Şemsettin Temiz, Ismail Yasin Sülü, Hamit Adin the convergence and get more contact detection points. All elements in the bondlines of the adhesives were of equal size. This fact was important in order to prevent any problems as the graduation point of the bond-length ratios in the bi-adhesive bondlines varied [24] . The mesh density can affect the strain predictions in the adhesive layer. A smaller element size will generally give a higher strain. For this reason, the size of the elements in the mesh was reduced until a stable strain value had been achieved. Consequently, four elements through the adhesive thickness were used in the models, as shown in Fig. 2 , and the number of elements was varied for each overlap length. However, the mesh size was kept constant in all models [14] .
In the joints with a bi-adhesive, a length L 1 from the ends of the overlap was assumed to be bonded with the SBT9244, and the central region was assumed to be bonded with the FM73 adhesive. The nominal bondline thickness considered in all cases was 0.25 mm.
Results and discussion

Effect of bi-adhesive on failure load
In this study, the half length of the overlap, assumed to be bonded with bi-adhesive, was denoted with L 2 and the length from the ends of the overlap, assumed to be bonded with SBT9244, was denoted with L 1 . The failure loads of the DSJEP for different adherent and patch thickness, overlap length and L 1 /L 2 ratios of bi-adhesive are given in Table 2 and shown in Fig. 4 . In the figures, at L 1 /L 2 = 0, joints are bonded with FM73 adhesive alone and at L 1 /L 2 = 1, joints are bonded with SBT9244 adhesive alone. In order to predict the failure load, the ultimate strain (ε t ), given in Table 1 , for the adhesives was used. The equivalent stress (σ eqv ) and strain (ε eqv ) were calculated using the von Misses yield criterion and it was assumed, that the failure occurred when the equivalent strain (ε eqv ) calculated at any point of the adhesive layer reached the ultimate strain (ε t ) of the adhesive, given in Table 1 . A solution in finite element analysis, considering non-linear material behaviour, is reached by dividing the total load in steps to track the equilibrium paths and iterating to a converged solution at each load increment. Hence, a load of 5 N per mm width at each load step was applied for all joint types. The remaining load was then applied in the last step [14] .
The results in Table 2 show that, except for the failure loads of the two joints with 4.8 mm adherent and 0.8 mm patch thicknesses, the failure loads of all the joints, bonded with FM73 alone are greater than the failure loads of all the joints, bonded with SBT9244 alone. The increase ratio in failure loads, due to using bi-adhesive, varies between 9% and 56%. The maximum predicted failure loads of the joints with bi-adhesive are at about L 1 /L 2 = 0.2−0.6 length ratios.
In Fig. 4(a) , the effects of bi-adhesive ratio (L 1 /L 2 ) and adherent thickness h on failure loads of DSJEP for h 1 = 0.6 mm thick patch are plotted. When the figure is examined, it is seen that the effect of the bi-adhesive on the failure loads increases with increase in adherent thickness h. In addition, the difference between failure loads of the joint, bonded with FM73 alone (L 1 /L 2 = 0) and failure loads of the joint, bonded with SBT9244 alone (L 1 /L 2 = 1) increase with increasing adherent thickness h. For three adherent thicknesses, the maximum failure loads of the bi-adhesive occur in L 1 /L 2 = 0.4. The effects of the bi-adhesive, depending on patch thickness h 1 , on failure loads for 5.6 mm adherent thickness h and 25 mm overlap length L are given in Fig. 4(b) . For the joint bonded with SBT9244 alone (L 1 /L 2 =1), the failure loads of the joints with three patch thickness h 1 are close to each other. Whereas, the failure loads of the joints bonded with FM73 alone (L 1 /L 2 = 0) decreases with increase in the patch thickness. The increase ratio in failure load due to using bi-adhesive reaches 51%, especially in the joint with 0.8 mm patch thickness h 1 .
The effect of application of bi-adhesive in double-strap joints with embedded patch for different overlap lengths L is shown in Fig. 4(c) . For all three overlap lengths, the failure loads of joints, bonded with FM73 adhesive alone (L 1 /L 2 = 0) are almost the same. However, the failure loads of the joints, bonded with SBT9244 alone (L 1 /L 2 = 1) increase with increase in the overlap length L. The increase ratio in failure load due to using bi-adhesive increases with increasing the overlap length. 
Effect of bi-adhesive on stress distribution
To compare the stress distributions of the joints with one adhesive alone and bi-adhesive and to observe the effect of bi-adhesive on stress distributions of double-strap joints with embedded patch, only the joint with 5.6 mm adherent thickness h, 25 mm overlap length L and 0.6 mm patch thickness h was analyzed. Here, the joint was subjected to 1000 N bending load. Four bondlines exist on the adhesive side in the bonding region of the double-strap joint with embedded patch (Fig. 1) . The stress distribution in each bondline is different. Therefore, the stresses in the bondlines, for which stresses were maximum and critical were examined, which can be seen in Fig.  5 as the A-B bondline. The von Mises equivalent stress at the A-B bondline is maximum at point A. So, in this study, all stress distributions plotted are for The longitudinal and peel stress distributions in the joint are given in Fig. 6 . The stresses in the joint with one adhesive alone (FM73 or SBT9244) are larger at point A. Stresses occurred at point A decrease by using the biadhesive. The reason for this is that SBT9244 adhesive is more flexible and load transfer capacity of a flexible adhesive is better due to its high strain to failure, which enables the applied load to be carried by a larger area of the overlap and the joint to be stronger. Also, the flexible properties of SBT9244 contribute to stress relief at the ends of the overlap, reducing the stress concentrations [14] . The stresses are close to zero, when moving away from point A. However, the increase of stress occurs at the intersection of two adhesives (at L 1 /L 2 ). This stress increase occurred at the intersection can be seen apparently in Fig. 7 . In this figure, the shear and equivalent stress distributions are seen. The stress values are greater than the values of longitudinal and peel stresses.
Conclusion
In this work, the behaviour of bi-adhesive in double-strap joint with embedded patch is investigated by using finite element method. Our conclusions are as follows:
-The increase ratio in failure loads due to using bi-adhesive varies between 9% and 56%.
-The maximum predicted failure loads of the joints with bi-adhesive are at about L 1 /L 2 = 0.2 − 0.6 length ratios.
-The increase ratio in failure load, due to using bi-adhesive, increases with increasing overlap length.
-The effect of the bi-adhesive on failure loads increases with increase in adherent thickness. The reason for the increase in failure load is that load transfer capacity of a flexible adhesive is better than hard adhesive, due to its high strain to failure, which enables the applied load to be carried by a larger area of the overlap and the joint to be stronger. Also, the flexible properties of elastic adhesive (SBT9244) contribute to stress relief at the ends of the overlap, reducing the stress concentrations. 
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